We have measured the positions of H 2 O masers in Sgr B2, a massive star forming region in the Galactic center, relative to an extragalactic radio source with the Very Long Baseline Array. The positions measured at 12 epochs over a time span of one year yield the trigonometric parallax of Sgr B2 and hence a distance to the Galactic center of R 0 = 7.9 +0.8 −0.7 kpc. The proper motion of Sgr B2 relative to Sgr A* suggests that Sgr B2 is ≈ 0.13 kpc nearer than the Galactic center, assuming a low-eccentricity Galactic orbit.
Introduction
Since the distance to the Galactic Center (R 0 ) was first estimated by Shapley (1918) , astronomers have expended considerable effort to measure R 0 accurately, and for good reason. All kinematic distances are proportional to R 0 , and hence masses and luminosities of giant molecular clouds and their often stars depend on directly on R 0 . Most luminosity and many mass estimates (e.g. based on column densities) scale as the square of the source distance, while masses based on total densities or orbit fitting (using proper motions) scale as the cube of distance. For example, the estimate of the mass of the super-massive black hole at the Galactic Center (Sgr A*) obtained from stellar orbits is dominated by uncertainty in R 0 (Ghez et al. 2008; Gillessen et al. 2009 ).
An accurate value for R 0 can also have significant impact in cosmology. Estimates of R 0 and Θ 0 , the circular rotation speed of the Galaxy, are highly correlated. For example, measurement of the apparent secular motion of Sgr A* (Reid & Brunthaler 2004) , caused by the orbit of the Sun around the Galaxy, yields the ratio Θ 0 /R 0 directly. Thus, an accurate measurement of R 0 , will give a correspondingly accurate estimate of Θ 0 . The value of Θ 0 is critical for estimating the dark matter content of the Milky Way, to determine if the LMC is bound to the Milky Way (Shattow & Loeb 2008) , and, by changing the Andromeda infall speed, the total mass in the Local Group (Oort & Plaut 1975; Trimble 1986 ).
The value of the Hubble constant, H 0 , is the single most important parameter for determining the age and size of the Universe and, with cosmic microwave background fluctuations, the amount of dark matter and the equation of state of dark energy. Currently, H 0 is estimated to be 72 ± 3 (statistical) ± 7 (systematic) km s −1 Mpc −1 (Freedman et al. 2001) . The ≈ 10% systematic uncertainty can be traced to the uncertainty in the assumed distance to the Large Magellanic Cloud. The accurate maser distance to NGC 4258, currently accurate to ±7% (Herrnstein et al. 1999) , coupled with HST observations of Cepheids in that galaxy, provides a second anchor for the extragalactic distance scale and reduces the systematic error in H 0 . An accurate distance to the Galactic center could add a valuable third anchor for the extragalactic distance scale. By measuring R 0 directly and with high accuracy, the spatial distributions of stars such as Cepheids could be used to re-calibrate the zero-point of their period-luminosity relation, the reverse of the standard procedure where their magnitudes are assumed and their distributions used to determine R 0 (Reid 1993) , and hence reinforce the foundations of the extragalactic distance scale.
Measurement of R 0 is also important to the observational study of strong gravitational fields. Timing observations of the binary pulsar 1913+16 have placed important limits on gravitational waves. Damour & Taylor (1991) find that the largest uncertainty in modeling the orbital change of the binary comes from the acceleration of the Sun in its orbit about the center of the Galaxy (i.e. Θ 0 2 /R 0 ). Thus, improvement in our knowledge of the fundamental parameters of the Milky Way are crucial to improve the accuracy of important tests of strong gravitational fields. R 0 has been estimated to be 8.0±0.5 kpc (≈ 6% accuracy) from an ensemble of classical techniques summarized by Reid (1993) . Since then, many more measurements of R 0 using these techniques have been published, spanning the range 7.2 (Bica et al. 2006 ) to 8.7 kpc (Vanhollebeke, Groenewegen & Girardi 2009 ). Most classical techniques involve determining the distributions of large numbers of bright sources that are assumed to be symmetrically distributed about the Galactic center. Distances to these sources are mostly photometric, which require accurate knowledge of absolute magnitudes and detailed calibration of the effects of metallicity, extinction and crowding, and combined systematic uncertainties arguably are at least 5% and possibly larger.
Significant improvement in measuring R 0 is likely to come from techniques that are relatively direct. For example, the measurement of stellar orbits in the Galactic center are not affected by most of the above mentioned systematic errors (but are sensitive to stellar crowding problems) and have yielded estimates of R 0 between 8.0 and 8.4 kpc, with uncertainties of about 0.4 kpc (Ghez et al. 2008; Gillessen et al. 2009 ). However, the most straight-forward and direct technique for measuring distance in astronomy is trigonometric parallax. Parallaxes with accuracies better than ±10 µas have recently been obtained with Very Long Baseline Interferometric (VLBI) techniques (Xu et al. 2006; Honma et al. 2007; Hachisuka et al. 2009; Reid et al. 2009a) , and modeling the Galaxy with the full phasespace information provided by these observations holds great promise to determine R 0 and Θ 0 (Reid et al. 2009b ).
We are now in a position to measure the distance to the Galactic center by trigonometric parallax. In this paper we present the results of one year's observations with the National Radio Astronomy Observatory's 1 Very Long Baseline Array (VLBA) of H 2 O masers in Sagittarius B2 (Sgr B2) , the dominant high-mass star-forming region in the Galactic center region (Snyder, Kuan & Miao 1994; Belloche et al. 2008) . These data yield the first trigonometric parallax for the Galactic center. The measurement uncertainty from only one year's data is ±10%, demonstrating the promise of better accuracy with continued observation.
Observations and Data Analysis
Our observations were conducted under VLBA program BR121. We observed Sgr B2M and Sgr B2N over 8-hour tracks at 12 epochs that spanned about 1 year (see Table 1 for details). The observing dates were chosen to sample only the peaks of the sinusoidal trigonometric parallax signature in right ascension, since the declination parallax amplitude is only ≈ 10% as great. This sampling provides maximum sensitivity for parallax detection and ensures that we can separate the secular proper motion (caused by projections of Galactic rotation, as well as any peculiar motion of the masers and the Sun) from the sinusoidal parallax effect.
For both Sgr B2M and Sgr B2N we used the background source, J1745-2820, as a position reference for the parallax and proper motion measurements (see Figure 1 ). J1745-2820 is a well-studied extragalactic radio source (Bower, Backer & Sramek 2001) Ultimately, owing to scatter broadening of the image of J1745-2820, interferometer baselines longer than 2000 km could not be effectively used, limiting the usefulness of the HN, MK and SC antennas for this study.
been used in previous VLBA astrometric observations of Sgr A* (Reid & Brunthaler 2004) . Table 2 lists the positions of these sources. J1745-2820 is projected only 20 ′ west of the maser sources, making it a nearly ideal position reference as it is very close to our maser targets, thereby canceling most systematic errors by a factor of 0.006 (the angular separation in radians). Also, as its offset is predominantly in the east-west direction, it samples similar source zenith angles as the target masers, which further reduces the effects of unmodeled atmospheric delays (Honma, Tamura & Reid 2008 ).
We alternated between two 16 min observing blocks, one for Sgr B2M and the other for Sgr B2N; each block consisted of observations of a maser target and J1745-2820. Within a block, we switched sources every 40 s during the first two epochs and every 15 s (in order to better monitor and remove rapid atmospheric phase fluctuations) during the remaining 10 epochs. We used a strong H 2 O maser spot as the interferometer phase-reference, because it was considerably stronger than the background source and could be detected on individual baselines in the available on-source time as short as 8 s.
We placed observations of strong sources near the beginning, middle and end of the observations in order to monitor delay and electronic phase differences among the IF bands. In practice, however, we found minimal drifts and used only a single scan on J1642+4938 for this calibration. We did not attempt bandpass calibration as the variation in phase across the VLBA bandpasses are typically < 5
• across the central 90% of the band, and the masers were observed near band center. We also placed ≈ 40 min "geodetic-like" observing blocks before, near the middle, and after the rapid switching blocks in order to monitor and remove the effects of zenith path-length errors in the VLBA correlator model (Reid et al. 2009a ).
The rapid-switching observations employed four adjacent frequency bands of 8 MHz bandwidth and recorded both right and left circularly polarized signals. The four (dualpolarized) bands were centered at Local Standard of Rest velocities (v LSR ) of 158, 50, −58 and −166 km s −1 for both maser sources, with almost all known Sgr B2 maser signals contained in the second band (McGrath, Goss & De Pree 2004) . The raw data were recorded on transportable disks at each antenna and shipped to the VLBA correlation facility in Socorro, NM. The data from individual antenna pairs were cross-correlated with an integration time of 0.52 s. Integration times were kept short to allow position shifting of the data to accommodate a priori uncertainties in the maser positions. With this short integration time, we could not process all eight frequency bands in one pass with sufficient spectral resolution for the masers, without exceeding the maximum correlator output rate. Thus, we correlated the data in two passes. One pass was processed with 16 spectral channels for each of the eight frequency bands. This data was used for the geodetic blocks (to determine atmospheric delays and clock drifts) and for the background continuum sources observed in rapid-switching (phase-referencing) mode. Another pass was processed with 256 spectral channels, but only for the single (dual-polarized) frequency band containing the maser signals, giving spectral channels separated by 0.42 km s −1 , assuming a rest frequency of 22235.08 MHz for the 6 16 → 5 23 transition of H 2 O.
Calibration of the interferometer data was done with the Astronomical Image Processing System (AIPS) in a manner described by Reid et al. (2009a) for methanol maser parallaxes. A single spectral-channel of the maser data was used for the interferometer phase reference. For Sgr B2M, a maser spot at v LSR = 66.4 km s −1 served as the phase reference and was compact (≈ 0.3 mas FWHM) and detectable at all epochs with typical strength of 40 Jy. Test imaging of this spot showed a nearly unresolved source with high dynamic range (> 100 : 1), indicating a clean reference source. When calculating reference phases it is important to have very low residual fringe rates in order to avoid degrading the images of the target source (Beasley & Conway 1995) , in our case J1745-2820. Since the position of J1745-2820 was known to better than 10 mas accuracy (Reid & Brunthaler 2004) , we could measure its apparent map offset when phase referenced to a maser spot and correct the position of the maser (to better than 10 mas accuracy) before final processing. For the Sgr B2M reference spot this required a position shift of (∆α cos δ, ∆δ)=(1.
′′ 594, -1. ′′ 399); the same shift was used for all 12 epochs, canceling to second-order the effects associated with the error in this shift. (This shift should be added to the correlation coordinates in Table 2 to give the true position of the reference maser spot.) For Sgr B2N, no strong maser spot suitable as a phase reference was found to persist for all 12 epochs. Therefore, we used the maser spot at v LSR = 52.5 km s −1 as the reference for epochs A through I, over which time it displayed S ν > 20 Jy. For epochs K through N the spot at v LSR = 38.6 km s −1 was used as the reference over which time it displayed S ν > 180 Jy. As described above, we determined position shifts relative to the coordinates used for correlation (Table 2) for these two reference spots, based on trial calibration and imaging of J1745-2820. The spot at v LSR = 52.5 km s −1 was found at (∆α cos δ, ∆δ)=(0. ′′ 023, 0. ′′ 028) and the spot at v LSR = 38.6 km s −1 at (∆α cos δ, ∆δ)=(-0. ′′ 011, 0. ′′ 006). The effects of these shifts were removed from the maser data for epochs A through I and from epochs K through N, respectively, before determining reference phases.
Reference phases were interpolated from those measured at the times of the maser observations to the times of the J1745-2820 observations and subtracted from all data. Phase reference data for each baseline were examined for jumps greater than 60
• between adjacent maser scans and, when found, the J1745-2820 data between these scans were discarded. Calibrated data for J1745-2820 were imaged with the AIPS task IMAGR. All data with source elevation less than 20
• were discarded, owing to greatly increased sensitivity to atmospheric Note. -Coordinates are those used in the VLBA correlator. The position of J1745-2820 is accurate to about ±10 mas (Reid & Brunthaler 2004) . Maser spots in both source are spread over a region of several arcseconds. Angular offsets (θ sep ) and position angles (P.A.) east of north of the background source (J1745-2820) relative to the maser source are indicated in columns 4 and 5. Typical flux densities (S ν ) and LSR velocities of the maser spots used for the parallax measurement and of the background source are given in columns 6 and 7. To avoid potential confusion, we note that the listed Sgr B2M maser spot was the interferometer phase reference, whereas the listed Sgr B2N maser spot was not the phase reference.
delay errors compared to higher elevation data. While interferometer fringes were obtained on the longest baselines for the maser data, indicating maser spot sizes of ≈ 0.3 mas, the background continuum source was considerably larger, probably owing to scatter broadening (Bower, Backer & Sramek 2001) , and we could only effectively image this source with baselines shorter than 1500 km. Unfortunately, this reduced our astrometric accuracy by a factor of ≈ 4 compared to the Sgr B2 masers which could be detected on the longest VLBA baselines. For J1745-2820 we used a (u, v)-cellsize of 0.1 mas and a CLEAN Gaussian restoring beam with a FWHM of 1.5 mas. Images were fitted with a single elliptical Gaussian model using the task JMFIT. 
Results
Parallax data was obtained by subtracting the apparent position of J1745-2820 from those of a maser spot that could be detected at all epochs. For Sgr B2M we used the phasereference spot for the parallax measurement. However, for Sgr B2N, neither phase-reference spot persisted for the entire year and we selected different maser spots for the parallax measurement. When analyzing this data, we corrected for the difference in the shifts used for the two different reference maser spots. The measured position differences are given in Table 3 .
Formal position fitting uncertainties are quite small (generally < 0.02 mas toward the east and < 0.04 mas toward the north ) for both the strong maser spots and J1745-2820 observed with the VLBA. However, realistic uncertainties need to account for systematic effects, usually dominated by residual errors in (mostly tropospheric) propagation delays after calibration, and possibly structural changes in the maser spots and/or in the background source. Also, the typically phase-stable weather for early morning observations in late winter/early spring produced significantly better phase reference data than the late evening observations in late summer/early fall. We estimated realistic uncertainties from the quality of the phase reference data as well as the scatter among positions measured at closely spaced epochs. These uncertainties are listed in Table 3 and were used to weight the data when fitting for parallax and proper motion.
The model for the data consisted of the sum of the sinusoidal parallax signature (corrected for the eccentricity of the Earth's orbit about the Sun) and a linear proper motion in each coordinate. We performed least-squares fits separately for the Sgr B2M and Sgr B2N data. Table 4 and Figures 2 and 3 show the parallax and proper motion fitting results for the Sgr B2M and Sgr B2N H 2 O masers.
The Sgr B2M data for the maser spot at v LSR = 66.4 km s −1 could be well fitted by the model with a parallax of 0.130 ± 0.012 mas and a post-fit chi-squared per degree of freedom (χ 2 pdf ) near unity. At two epochs one of the important "inner-5" VLBA antennas was not available (OV at 2007 Mar. 25 = 2007 .230 and FD at 2007 Sep. 28 = 2007 ) and the post-fit residuals were somewhat larger than most others. Removing these points resulted in a parallax of 0.127 ± 0.012 mas, which is very close to the parallax using all data; we adopted the fit using all data. We also tested the sensitivity of the parallax to the errors assigned to the data by assuming uniform values for each coordinate. We achieved a χ 2 pdf of unity for errors of 0.037 mas and 0.143 mas for the eastward and northward data and a parallax of 0.132 ± 0.013 mas. Thus, details of weighting the data had little effect on the parallax measurement.
The Sgr B2N data for the maser spot at v LSR = 56.7 km s −1 displayed a bit more scatter than the Sgr B2M data. Using all data, the parallax for Sgr B2N was 0.111 ±0.019 mas. The first epoch point appeared discrepant and after removing it the fit improved considerably, yielding a parallax of 0.128±0.015 mas. We adopt this result for Sgr B2N. Some other maser spots (spectral channels at v LSR = 47.9, 47.5, 47.1, 42.0 and 41.6 km s −1 ) could be detected at all epochs and yielded nearly identical parallaxes. However, comparison of the post-fit 
residuals indicated that the data from different spectral channels were highly correlated, and thus combining the results from these channels produces no significant improvement for the parallax result. This does, however, indicate that potential variations of the maser spot structure is not an important source of systematic uncertainty.
Since the Sgr B2M and Sgr B2N data were taken at different times (interleaved observations; see Section 2) and are statistically independent, one could consider combining the solutions and obtaining some improvement in parallax accuracy. However a detailed comparison of the data suggests that systematic errors common to both sources are significant. One can see, in the right-hand panels of Figures 2 and 3 , similar deviations in post-fit residuals (departures from the fitted line) for the two maser sources for the five epochs in early 2007 and the 3 epochs in late 2007. But, the residuals for the four epochs in late 2006 show no strong correlation, suggesting that the results for the two maser sources are not entirely correlated. However, we will be conservative when quoting a single parallax for the Sgr B2 region and not reduce the uncertainty when averaging the parallaxes from the two sources. Thus, our combined result is that Sgr B2 region has a parallax of 0.129 ± 0.012 mas, corresponding to a distance of 7.8 +0.8 −0.7 kpc.
Discussion
Our measurement of the distance to Sgr B2 almost certainly can be taken as a measure of R 0 , the Galactic center distance. Evidence that Sgr B2 is very close to the the Galactic center (i.e. Sgr A*) has been summarized by Reid et al. (1988) , and includes the following observations: 1) Sgr B2 is a nearly unique source with the greatest variety of detected molecular species of any molecular cloud, owing to the high densities near the Galactic center (Snyder, Kuan & Miao 1994; Belloche et al. 2008) . 2) It is projected ≈ 0.09 kpc from the Galactic center, which suggests an expected line-of-sight component of 0.07 kpc. 3) Atomic and molecular absorption studies locate Sgr B2 within the "270-pc expanding shell" (Scoville 1972 ).
Since we have also measured the proper motions of maser spots in Sgr B2, we can estimate its 3-dimensional location, provided it is on a nearly circular Galactic orbit. For an object near the Galactic center on low eccentricity orbit in the plane, the the distance offset along the line-of-sight from the center, d, is given by d = r proj R 0 µ Gal /v LSR , where r proj is the projected distance on the sky and µ Gal is the proper motion in Galactic longitude in a reference frame not rotating with the Galaxy. Our measured proper motions for a small number of maser spots in Sgr B2M and Sgr B2N gives an average motion in Galactic longitude of −4.05 mas y −1 , with a probable uncertainty of about 1 mas y −1 because we have not accounted for internal motions in the two H 2 O maser sources. (A complete mapping of the ∼ 100 maser spots in each source for multiple epochs is beyond the scope of this paper and will be published later.) Subtracting the apparent motion of Sgr A* of -6.379 mas y −1
in Galactic longitude (Reid & Brunthaler 2004 ) (in order to correct for the apparent motion expected from the solar orbit) yields a true motion in the direction of increasing Galactic longitude of µ Gal ≈ 2.3 ± 1.0 mas y −1 . Adopting R 0 ≈ 8 kpc and v LSR ≈ 62 km s −1 , this suggests d ≈ 0.13 ± 0.06 kpc. This estimate of the offset of Sgr B2 from Sgr A* rests on the assumption of a low eccentricity Galactic orbit for Sgr B2. This assumption might be testable in the future when the full space motion of Sgr B2 is accurately measured and the gravitational potential in the Galactic center region is better known. However, since the offset of Sgr B2 from Sgr A* is almost certainly much smaller than our (current) distance measurement uncertainty, the exact value of the offset is probably of little significance.
Correcting for the small estimated offset of Sgr B2 relative to Sgr A* of 0.13 kpc (with Sgr B2 closer than Sgr A*), we find R 0 = 7.9 +0.8 −0.7 kpc. While this estimate of R 0 is not (yet) as accurate as, for example, that obtained from stellar orbits in the Galactic center, a trigonometric parallax is the "gold standard" for distances and provides improved confidence in any estimate of R 0 . The uncertainty in R 0 can be reduced by continued observations (with σ R 0 = 1/ √ N for N similar yearly observations). Improved accuracy could also come from the discovery of another suitable extragalactic reference source that is less scatter broadened than J1745-2820. Note. -Parallax and proper motion fits using the data in Table 3 . Columns 2 and 3 give Galactic longitude and latitude, respectively. Columns 4, 5 and 6 list the parallax and proper motions in the eastward (µ x = µ α cos δ) and northward directions (µ y = µ δ ), respectively. Column 7 lists the central Local Standard of Rest velocity of dense molecular gas associated with the maser sources (Reid et al. 1988; Sutton et al. 1991) .
